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Multiple  specular  reflection  is  the  basis  of  a  new  thin  layer  spoctro- 
clectrochcnical  cell  which  docs  not  use  optically  transparent  electrodes,  the 
optical  sensitivity  of  which  exceeds  that  of  cells  using  transparent  elec¬ 
trodes  by  a  lactor  of  several  hundred.  As  a  result,  the  ability  to  detect 
short-lived  intermediates  and  weakly  absorbing  species  in  spectroel#ctrochero- 
lcal  studies  is  much  improved.  Absorbance  changes  less  than  3  x  10**'  absor¬ 
bance  units  per  electrode  reflection  are  readily  observed.  A  cell  9cm  long 
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with  a  UU  urn  spacing,  operated  to  give  approximately  330  reflection#,  \ 
was  used  to  monitor  optically  the  reduction  of  methylene  blue  and  -the  \ 
reoxidation  of  the  leuco  form  at  concent  rations  as  l#w  as  b  x  10“ 7M. 

For  both  reactions,  the  absorbance  is  linear  with  *T  from  10  ms  to 
ca  3  s,  and  the  magnitude  agrees  well  with  values  calculated  from  the 
geometry  of  the  optical  path.  Amond  the  advantages  of  the  new  technique 
are  greatly  Increased  optical  sensitivity  and  the  ability  to  use  elec¬ 
trode  materials  which  are  not  transparent^. 
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BRIEF 


A  new  thin  layer  multiple  specular  reflection  spectroelectrochemical  cell 


can  monitor  absorbance  changes  below  5  x  10 


absorbance  units  per  electrode 


ref  lection. 


ABSTRACT 


Multiple  specular  reflection  is  the  basis  of  a  new  thin  layer  spectroelectro- 
chemical  cell  which  does  not  use  optically  transparent  electrodes,  the  optical 
sensitivity  of  which  exceeds  that  of  cells  using  transparent  electrodes  by  a 
factor  of  several  hundred.  As  a  result,  the  ability  to  detect  short-lived  inter¬ 
mediates  and  weakly  absorbing  species  in  spectroelectrochemlcal  studies  is  much 
improved.  Absorbance  changes  less  than  i  *  10  ^  absorbance  units  per  electrode 
reflection  are  re  dily  observed.  A  cell  Ocin  long  with  a  120  om  spacing,  operated 
to  give  approximately  330  reflections,  was  used  to  monitor  optically  the  reduction 
of  methylene  blue  and  the  reoxldation  of  the  leuco  Ion:  at  concentrations  a6  low 
as  3  x  10  ‘  A.  For  both  reactions,  the  absorbance  is  linear  with  >t  from  10  ms  to 
ca  3  s,  and  tne  magnitude  agrees  well  with  values  calculated  from  the  geometry  of 
the  optical  path.  Among  tne  advantages  of  the  new  technique  are  greatly  increased 
optical  sensitivity  and  the  ability  to  use  electrode  materials  which  are  not  trans- 
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Techniques  tor  optical  monitoring  of  electrochemical  reactions  have  made 
it  possible  to  tollow  optically  the  concentrations  ot  reactants  and  products 
and  to  detect  intermediates  (1-10).  For  study  oi  electrogenerated  species  in 
solution,  the  most  widely  used  methods  involve  optically  transparent  electrodes 
operated  in  either  a  transmission  or  an  attenuated  total  reflectance  mode. 

Specular  reflectance  has  been  widely  used  to  detect  changes  in  electrode  sur¬ 
faces,  (11-14)  and  to  a  limited  extent  to  study  clectrogenerated  solutes (9, 10) . 

A  thin  layer  cell  technique  used  by  Reilley  (V)  to  monitor  stable  solution  species 
Involved  analyzing  light  reflectance  at  an  opaque  platinum  electrode.  While 
he  recognized  the  possibility  of  using  multiple  electrode  reflections,  he  did 
not  pursue  it.  A  recent  review  by  Hcinemnn  (7)  summarizes  these  various  techni¬ 
ques. 

The  major  limitation  oi  these  techniques,  as  pointed  out  by  McCreery  et  al 
ll),  is  that  the  snort  effective  length  of  the  optical  path  lowers  the  optical 
sensitivity  and  hinders  the  detection  of  weakly  absorbing  or  short-lived  species. 

A  recent  specular  reflection  technique  developed  by  McCreery  ct  al,  in  which 
the  analytical  bean  strikes  the  electrode  at  a  glancing  angle,  improves  the  optical 
sensitivity  for  electrogcneratcd  solutes  by  increasing  the  path  length  through 
the  solution  layer  In  the  immediate  vicinity  of  the  electrode  surface.  This 
method  is  not  suited  tor  systems  in  which  a  strongly  absorbing  reactant  is  trans¬ 
formed  into  a  colorless  product,  however,  because  the  length  of  the  optical  path 
through  the  unreacted  bulk  solution  is  not  negligible  in  relation  to  the  length 
through  the  solution  layer  adjacent  to  the  electrode. 

We  report  here  a  method  for  optically  monitoring  electrochemical  reactions 
in  which  the  species  oi  interest  has  a  low  molar  absorptivity  or  is  present  in 
low  concentration  that  is  based  on  multiple  specular  reflection  (MSR)  in  a  thin 
layer  cell.  Previous  applications  of  MSR  spectroscopy  (14,15),  most  of  which 
have  been  concerned  with  studying  the  electrode  surface,  have  employed  electrode 
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spacings  of  0.5  to  2  mm,  thereby  limiting  the  number  ot  reflections  to  20  or 
less.  Our  technique  employs  electrode  spacings  on  the  order  of  100  pm,  thus 
increasing  the  number  of  reflections  to  several  hundred.  As  a  result  of  the 
increased  optical  pathlength,  the  optical  sensitivity  of  an  MSR  cell  is  greater 
than  that  of  a  thin  layer  cell  of  the  same  thickness  operated  in  the  transmission 
mode  by  a  factor  of  several  hundred.  To  illustrate  the  application  of  MSR  cells, 
we  have  used  one  to  monitor  optically  the  electroreduction  of  methylene  blue 
(MB)  and  the  subsequent  reoxidation  of  the  colorless  leuco  form  (LMB)  at  con¬ 
centrations  ranging  from  1  x  10  ^  M  to  as  low  as  5  x  10  ‘  M. 


THEORY 

If  the  cell  in  Figure  1  contains  a  single  absorbing  species  and  the  light 
beam  traverses  it  once,  A^  ,  the  absorbance  at  a  given  time,  follows  from 
Equation  1 

At  •  £  f  C(x,t)d£.  (1) 


where  c  represents  the  molar  absorptivity  and  C(x,t)  the  concentration  profile 
of  the  absorbing  species  as  a  function  of  time  and  distance  normal  to  the  elec¬ 
trode  surface  and  di.  is  an  increment  of  pathlength.  Replacing  di  by  its  equiva¬ 
lent  dx/sina,  where  .»  is  the  angle  of  the  light  beam  with  respect  to  the  electrode 
surface,  yields  Equation  2. 


A 


t 


t 

sin  i 


C(x, t)dx 
t 


(2) 


It  the  absorbing  species  is  generated  by  electrode  reactions  at  both 
electrodes,  £.(x,L)  must  be  integrated  over  both  diffusion  layers.  For  fluxes 
controlled  by  semi-infinite  linear  diffusion,  integration  of  Equation  2  yields 
Equation  3 

*  .liS 

t  sina 


where  the  subscript  F  indicates  the  product  of  the  electrode  reaction,  the  sub¬ 


script  R  represents  the  reactant,  C°  denotes  the  bulk  concentration  of  the 

K 

reactant,  D  denotes  the  diffusion  coefficient  of  the  reactant  and  t  indicates 
K 

the  time  t rom  the  start  of  the  electrode  reaction.  With  a  cell  thickness  of 
100  pm,  the  assumption  of  semi-infinite  linear  diflusion  is  valid  for  times  less 
than  c_a  3  seconds. 

For  N  specular  reflections  of  the  light  beam,  the  beam  traverses  the  cell 
N  ♦  1  times,  which  may  be  approximated  as  N  ii  N  is  50  or  more,  so  that  the 
total  absorbance  tor  N  specular  ret  lections  is  N  times  the  value  given  by 
Equation  j.  As  Figure  1  shows,  d,  the  distance  along  the  cell  associated  with 
each  traverse  of  the  cell  by  the  light  beam,  is  T/tana,  where  T  is  the  cell  thick¬ 
ness.  It  follows  that  the  total  number  of  traversals  is  simply  L/d  which  in  terms 
of  measureable  quantities,  is  L  tan  ct/T.  Combining  this  result  with  equation  3 
yields  Equation  - ,  which  defines  the  total  absorbance  as  a  function  of  time  and 


measureable  physical  parameters  of  the  cell. 


A 

t  T  cosa 


Where  the  absorbing  species  is  the  electroactive  species  instead  of  the 
product  of  the  electrode  reaction,  the  absorbance  decreases  from  an  initial 
value  characteristic  ol  the  bulk  concentration  of  the  absorbing  species  and  the 
ceil  parameters.  because  the  solution  is  originally  uniform,  the  initial  absor¬ 
bance  is  simply  the  product  of  the  original  concentration  of  the  absorbing 
species,  its  molar  absorptivity  and  the  pathlength.  The  latter  term  is  the 
product  of  the  number  of  traversals  and  the  pathlength  as .oclated  with  each 
traversal.  As  has  already  been  shown,  the  number  of  traversals  is  L  tan  a/T, 
and  Figure  1  shows  that  for  each  traversal,  the  pathlength  is  T/sinci.  Combining 
these  results  yields  the  initial  absorbance  term,  and  reasoning  analogous  to 
that  outlined  for  Equation  4  yields  the  time-dependent  absorbance  term.  This 


results  in  Equation  5,  where  t  Is  the 'molar  absorptivity  of  the  electroactive 

K 

species  and  the  other  symbols  have  the  same  meanings  as  before 

t  cosa  T  cosa 

Relative  to  a  thin  layer  cell  of  the  sane  thickness  operated  in  the  trans¬ 
mission  mode,  typical  MSK  cells  display  optical  sensitivities  that  are  higher 
by  a  factor  of  several  hundred  to  a  thousand.  For  transient  absorbance,  the 
enhancement  factor  is  2L/T  cosa,  and  for  the  initial  absorbance  in  the  absence 
of  applied  potential,  the  enhancement  factor  is  L/T  cosa.  Thus,  an  MSR  cell 
100  pm  tuick  and  «  cm  lon6  with  the  light  striking  the  electrode  at  45°  enhances 
tne  initial  absorbance  by  a  factor  of  jba  and  the  transient  absorbance  by  a 
factor  of  11  Jo. 

Tne  influence  of  the  operating  parameters  on  the  measured  absorbance  also 
merits  brief  comment.  As  expected,  increasing  the  cell  length  or  the  angle  of 
the  light  beam  with  respect  to  the  electrode  surface  increases  both  the  transient 
absorbance  and  the  initial  absorbance  by  increasing  the  number  of  times  the  beam 
traverses  the  cell.  Also,  for  a  given  angle.  Equations  4  and  5  show  that  decreasing 
the  cell  thickness  increases  the  transient  absorbance,  but  Equation  5  shows  that 
it  has  no  effect  on  the  initial  absorbance.  As  can  be  inferred  from  Figure  1, 
the  optical  pathlength  per  reflection  is  directly  proportional  to  the  cell  thick¬ 
ness,  but  the  number  of  reflections  is  inversely  proportional  to  the  cell  thick¬ 
ness,  so  that  the  total  length  of  the  optical  path  is  independent  of  the  cell 
thickness.  hence,  when  the  concentration  of  the  absorbing  species  is  uniform,  the 
total  absorbance  docs  not  depend  on  the  cell  thickness.  On  the  other  hand,  during 
electrolysis  under  semi-infinite  linear  diffusion  control,  the  number  of  reflections 
remains  inversely  proportional  to  the  cell  thickness,  but  the  length  of  the 
optical  path  through  the  diffusion  layer  per  reflection  is  independent  of  the 
cell  thickness.  As  a  result,  the  total  path  length  through  the  diffusion  layer 
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and  tne  magnitude  oi  tne  transient  absorbance  tern  are  Inversely  proportional 
to  the  ceil  thickness. 


KXPEKIMLNTAL 

A  cross  sectional  schematic  diagram  of  the  MSR  cell  is  in  Figure  1.  The 
two  specular  electrodes  are  front  surface  gold  nirrors  with  an  undercoating  of 
titanium  to  improve  the  adhesion  of  gold  to  the  glass  (Meilis  Griot  Co.,  Irvine, 
CA) .  On  each  end  of  one  mirror,  a  small  section  was  not  coated  to  allow  the 
analyzing  light  to  enter  and  leave  the  cell.  I’rlsns  were  cemented  to  the  back 
o:  the  electrode  over  these  uncoated  sections  using  Lensbond  optical  cement 
(i-daund  Scientific  Co.,  Barrington,  NJ).  The  cell  spacing  was  iixed  using  teflon 
spacers. 

A  7  mm  uia.  glass  tube  approximately  ».  cm  long  for  filling  and  outgassing 
was  sealeu  to  tne  edge  ot  toe  cell  midway  between  the  two  ends  in  the  plane 
perpendicular  to  tne  paper  as  indicateu  by  the  dashed  circle.  The  entire  cell 
was  made  vacuum  tigut  using  Ultrex  vacuum  epoxy  (Ferkin  Llmer,  Reston,  VA) .  The 
Ag/AgCl  reference  electrode  and  the  Ft  counter  clectrouc  were  sealed  in  the 
tilling  tube,  the  former  1  am  from  the  edge  of  the  working  electrode  and  the 

latter  c_a  13  cm  away.  The  uncompensated  resistance  of  a  representative  cell  is 
c .»  160  ohms .  A  vacuum  stopcock  at  the  end  of  the  filling  tube  leads  to  a  100  ml 
bulb  containing  the  MB  solution,  and  a  sidearm  between  the  bulb  and  the  stopcock 
permits  outgassing  on  a  vacuum  line. 

After  the  solution  in  the  100  ml  bulb  was  outgassed  by  7  f reeze-purop-thaw 
cycles  at  a  pressure  below  10  J  torr,  the  sidearm  was  sealed  off,  and  the  stop¬ 
cock  was  closed  to  prevent  the  solution  from  entering  tne  cell.  The  cell  was 
positioned  in  the  iignt  path  and  the  angle  of  incidence  of  the  beam  on  the  prism 
was  adjusted  to  within  10. o  minutes  of  arc  using  a  precision  rotation  unit 
(haiin6  Optical,  Cambridge,  MA) .  Such  accuracy  is  necessary  for  quantitative 


results.  Ttie  angle  ot  reflection  at  the  electrode  suriuce  (a)  was  calculated 
Iron:  the  angle  ot  incidence  on  the  entrance  prism  and  the  coriesponding  refrac¬ 
tive  indices.  The  stopcock,  was  then  opened  to  till  tne  cell  compar  tnient .  The 
analyzing  light  was  a  U.lJ3  mw  lie/Ne  laser  (oJJ.onm)  and  tne  light  intensity 
ot  the  exit  beam  was  monitored  using  a  933BB  photomultiplier  tube  (EMI  Corp., 

Los  Angeles,  CA) .  The  entire  unit  was  in  a  lightproof  box. 

the  electrode  potential  was  controlled  with  a  PAR  170  Electrochemistry 
System  and  a  Biomation  10U-  waveform  recorder  (Gould,  Santa  Clara,  CA)  and  an 
X-Y  plotter  were  used  to  record  optical  transients.  The  reference  beam  intensity 
for  absorbance  calculations  was  taken  as  the  steady  state  PM  output  which  was 
reac  hed  c*  I  nds  a  i  t  e :  applies  cion  of  —0.7  V  t  tha  •-  rklng  >  -  ■  erode. 

Methylene  blue  (Eastman)  was  puritied  by  successive  extractions  with  benzene 
(la)  rroa  a  slightly  ammoaiacal  solution  followed  by  two  recrystallizaCions  from 
jcu  aqueous  ethanol.  Ihe  supporting  electrolyte  was  0. 1  M  KC1  bul I c red  to  p:i  7 
with  io  JM  ti  PU  /HPu  . 

a.  *4  •« 


hl-bc^ii)  AND  discussion 

To  evaluate  the  MSR  cell,  we  have  compared  thi  initial  absorbance  and  the 
transient  absorbance  to  the  behavior  predicted  by  Equations  •*  and  >.  All 
results  refer  to  a  cell  120  ..m  thick  and  *  cr.  long,  and  a  wavelength  of  632. Bnm. 

The  angular  dependence  of  the  initial  absorbance  of  a  -4.0  x  10  M  MB 
solution  Is  summarized  in  Table  I,  which  reports  calculated  absorbance,  measured 
absorbance  and  The  calculated  number  of  reflections  for  angles  ran,, Ah, g  from  30° 
to  60°.  In  general,  the  observed  and  calculated  absorbances  agree  reasonably 
well,  but  the  absorbance  values  are  somewhat  higher  than  the  calculated  values 
at  angles  above  -43°.  «'e  do  not  understand  the  reason  for  this  deviation. 

Absorbance  transients  for  the  reduction  of  MB  and  the  reoxidation  of  LMB 
secured  witn  a  equal  to  <43°  are  plotted  v^  t 5  in  Figures  2  and  3.  The  transients 
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obey  the  theory  well  lor  bulk  concentrations  of  Mb  between  c  x  10  M  and 
3  x  10  M,  tile  lowest  concentration  studied.  When  the  bulk  concentration  of  MB 
exceeds  o  x  lw  °M,  the  limited  solubility  ol  LMd  in  the  supporting  electrolyte 
causes  t lie  transient  response  to  deviate  t rod  ideality. 

.  r  ana  tent  s  tor  the  reduction  of  Mb  at  initial  concentrations  Iron  5  x  10  'M 

to  1  x  lo  J A  generated  oy  stepping  tne  potential  1  rorn  +v.lV  to  -0.7V  are  plotted 

against  t1  i;.  i  i^-re  Although  minute  changes  in  surface  reflectivity  could 

lead  to  sell  ..s  extols  in  measurements,  over  the  potential  range  of  interest, 

biano.  expert  *  is  with  ..t  the  dye  showed  no  detectable  absorbance  changes  during 

elect:,  lvs.s.  f-  r  Mr:  .  ti.  exit  rations  up  to  and  including  B  x  10  lM,  tlie  transients 

.  Equation  3.  Tho  plots  arc  llatir  Iron  likr.s  to  ca  3s,  the  slopes 

being  proportional  t.  the  bulk  concentrations  of  MB.  At  longer  tines,  the  plots 

bee  one  nonlinear  as  tne  cl: fusion  is  no  longer  scnl-inf inite.  Also,  for  each 

transient,  the  abs  rh.mcc  at  aero  tine  obtained  by  ext rapolat ion  is  directly  pro- 

portlonal  t.  the  bu.»  concentration  of  Mb  and  it  agrees  well  with  the  absorbance 

of  •*  x  10  M  13  at  sj“  is  1.16  in  Table  I,  and  the  transient  absorbance  at  zero 

tint  is  l.d/.  l:,c  diffusion  coefficient  of  Mb  calculated  iron  liquation  3  is 

•*.7  x  io  ''..  ‘st.  *,  wnich  corresponds  reasonably  well  to  the  polarogr aphically 
.  -6  1  -I  . .  . 

~t  Jtuiti  va.uc  ot  •• .  .  x  .o  cn  sec  flbj. 

In  contrast  to  tne  ideal  transients  observed  at  lower  Mb  concentrations, 
the  transient  for  1  x  10  M  MU  begins  to  deviate  f roc  theory  after  ca  0.3  seconds, 
and  tne  deviation  increases  progressively  with  tine.  We  attribute  this  artifact 
to  precipitation  of  LMB  on  the  electrode  surface.  I’ergola  ct  al  (lb)  have  shown 
that  the  solubility  of  I.MB  is  approxlnately  7  x  10  M,  a  concentration  that  is 


quickly  exceeded  in  the  reduction  of  1  x  10  M  Mb.  Visual  observation  of  the 
MSR  ell  during  the  experfnent  conflrns  that  LMB  precipitates.  Shortly  after 
application  of  the  cathodic  potential  step,  the  bean  at  the  exit  prism  becomes 
noticeably  more  diifi.se,  indicating  an  increase  in  scattering  which  does  not  occur 


at  the  lower  Mb  conceutt at  terns . 

Transients  tor  oxidation  ot  LMb  at  concentrations  iron  5  x  10  'M  to  1  x  10  JM 
generated  by  tirst  reducing  MB  lor  JO  seconds  at  -0.7V  and  then  stepping  the 
potential  to  +0.1V  are  plotted  vs  t*1  In  Figure  3.  Blank  experiments  without  MB 
gave  no  detectable  absorbance  transients.  For  MB  concentrations  up  to  and  including 
o  x  10  °M,  the  transients  conform  well  to  liquation  * .  from  10ms  to  ca  3  seconds, 
the  plots  are  linear  with  slopes  proportional  to  the  bulk  concentrations  of  LMB 
and  they  extrapolate  to  the  origin.  The  diffusion  coefficient  of  LMB,  calculated 
iron  liquation  is  -..0  x  10  0v.c*sec  *.  Although  the  transients  for  8  x  10  *'m 
and  1  x  10  JM  LMb  are  linear,  they  extrapolate  to  finite  absorbance  at  zero  time, 
an  etiect  we  attribute  to  the  precipitation  ot  LMb  on  the  electrode  surlace. 
because  the  precipitate  causes  scattering  ot  the  1  a t  beam,  it  is  not  possible 
to  deiine  the  true  absorbance  at  the  beginning  oi  these  transients,  but  it  is  sig¬ 
nificant  that  alter  iu  ms,  both  transients  have  slopes  that  correspond  to  a  LMB 
concentration  o:  _£u  7  x  10  *M»  i.e.,  a  saturated  solution  of  LMB  (lb).  Apparently 
the  precipitated  1  .'IB  is  reoxidized  within  the  first  10ms ,  after  which  the  transient 
is  governed  by  diffusion  of  MM3  In  the  usual  manner. 

The  electrodes  in  these  experiments  were  gold,  but  there  is  no  reason  to 
believe  that  other  conductors  or  semiconductors  would  not  be  suitable  provided  that 
the  surface  is  flat,  nonabsorbing  and  highly  reflective.  1'relimir.ary  experiments 
with  both  platinum  foil  ana  platinum  films  sputtcied  on  glass  indicate  that  these 
materials  arc  satisfactory  for  MSR  cells.  Attempts  to  replace  the  laser  with 
a  focused  xenon  lamp  ,.ave  greatly  decreased  reproducibility,  presumably  due  to 
optical  bear,  divergence  within  the  ceil.  We  believe  that  the  use  of  a  laser  as 
tnc  analyzing  source  is  probably  necessary  for  tnis  reason.  In  addition  to  their 
use  in  monitoring  reactants  and  products  in  electrochemical  processes,  M3R  cells 
may  prove  useful  tor  detecting  short-lived  intermediates.  For  such  applications, 
minimizing  the  cell  thickness  and  increasing  the  angle  of  the  light  beam  relative 
to  the  electrode  surface  should  prove  advantageous  in  maximizing  the  sensitivity. 
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Table  I 

Influence  ot  An^le  ot  1 1  luminal  Ion  on  Steady  State 
Absorbance  ot  Mb  In  MSK  cell 


l.  Debtees 

Kef lect Ions 

Absorbance 
Calc.  Me  a  s . 

30 

192 

1.03 

1.01 

35 

233 

1.09 

1.13 

40 

280 

1.17 

1.09 

h3 

333 

1.27 

1.28 

50 

397 

1 . 40 

1 .  *«4 

55 

4  7b 

1.5b 

1  .  bO 

bO 

S77 

1.00 

1.97 

Condlt Ions : 

MB  Cone;  4  x  10’*M 
Cell  Length;  -*.0  cm. 

Cell  Thickness.  120..R 
I _  ■  5bOu0  M  ‘cm  '  fbl2.8naw 
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K1C.UK*.  C/U'l  lONb 

uu  1.  Cross  Section  ot  the  Multiple  Specular  Reflection  Spec t roelec t rochemical 
Cell.  Not  to  Scale.  The  dotted  circle  Indicates  the  filling  tube. 

ure  . .  Absorbance  v_s  t‘  tor  the  Reduction  ot  Methylene  blue  at  Concentrations 

-0  -b 

ot  0.3  x  10  M  to  10  x  10  M.  Numbers  at  the  right  hand  border  equal 

6 

Mb  concentrations  x  10  . 

ure  J.  Absorbance  v_s  t‘  tor  the  Oxidation  of  Leucooethy lene  blue  at  Concentra¬ 
tions  ot  0.3  x  lo  to  10  x  10  fM.  Numbers  at  the  right  hand  border 
equal  Mb  concentrations  x  10°. 
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